Temperate Bacillus subtilis bacteriophages SBfl, $3T and SPR and B. amyloliquefaciens phage H2 were compared with respect to DNA-DNA homology by Southern blot analysis to each other and to members of the genus Bacillus. The results show that H2 is a distantly related member of the group III B. subtilis phages. Detectable homology to group III phages could be found in the DNA of several other Bacillus species, including B. natto and B. amyloliquefaciens, demonstrating the widespread occurrence of this group of phages. The host ranges for the phages SPfl, SPR and H2 were determined by adsorption efficiency and by the ability of erythromycin resistance-and chloramphenicol resistance-transducing phages to convert susceptible host strains. Of the three phages examined, only H2 was capable of infecting B. amyloliquefaciens. Based on these results we propose that group III phages should be divided into three subgroups: SPfl, $3T, Rhol 1, IG1, IG3 and Z (subgroup 1), SPR (subgroup 2) and H2 (subgroup 3).
INTRODUCTION
The temperate phages known to infect Bacillus subtilis have been classified into four groups (I, II, III and IV) based on serology, morphology, host range and immunity (Dean et al., 1978; Zahler, 1988) . Group III phages, which include SPfl, SPR, ~3T, Rhol 1, IG1, IG3, Z and H2 (Tucker, 1969; Warner et aL, 1977; Dean et al., 1978; Rutberg, 1982; Fernandes et al., 1986; Spancake eta/., 1987; Zahler et aL, 1987 b) , have been the subject of recent investigations due to several interesting properties.
Some of these phages are known to encode thymidylate synthetase enzymes (Tucker, 1969; Stroynowski, 1978 Stroynowski, , 1981 Fernandes et al., 1986; Weiner, 1986; Spancake et al., 1987) , DNA methylases (Noyer-Weidner et al., 1985; Giinthert et aL, 1986 ; for review see Gfinthert & Trautner, 1984; Weiner, 1986) , repressor-like proteins (Rosenthal et al., 1979; McLaughlin et al., 1986) and apparently in one case an endonuclease that is specific for Bacillus DNA (Sargent et al., 1985) . In addition, at least some of these phages can transduce bacterial markers that are adjacent to their attachment sites in the B. subtilis chromosome (Zahler et al., 1977 (Zahler et al., , 1987b Rosenthal et aL, 1979; Lipsky et al., 1981; Fink & Zahler, 1982; , and in cytoplasmic plasmids (M. Weiner, data not shown). The prophages of SPfl and Z encode a bacteriocin that kills host bacteria that are non-lysogenic for these phages (Hemphill et al., 1980) .
We have previously reported on a new member of group III, the B. amyloliquefaciens phage H2 (Zahler et al., 1987a, b) . H2 was discovered as a temperate phage found in mitomycin Cinduced lysates of B. amyloliquefaciens strain H, which could lyse the B. subtilis indicator strain, CU1050. The phage is co-immune with SPfl (N. Mohd-Najimudin, personal communication), has a thymidylate synthetase gene, thyH2, and four different DNA methylation specificities (Zahler et al., 1987a, b; Weiner, 1986) which protect phage DNA, but not prophage DNA, from the activities of the restriction enzymes BamHI, HaeIII, Fnu4HI, and Bspl286I.
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This report describes work done to characterize further phage H2 and other group III phages. We will present evidence that the phage H2 is distantly related to three other members of group III, and examine the host range of, and presence of DNA homology between, three group III phages of other bacilli.
METHODS
Bacterialstrains, phages andplasmids. The bacterial strains, plasmids and phages used in this work are described in Tables 1, 2 and 3. Media. Bacteria were grown in L broth (LB; Maniatis et aL, 1982) . Solid medium was tryptose blood agar base (TBAB; Difco). Overlay agar was LB supplemented with 0.75 ~ agar. Bacillus subtilis strains CU3431 and CU4345 were grown with the addition of thymidine (40 ~tg/ml). Selection for the Mlsr (Mlsr denotes resistance to the MLS group of antibiotics: macrolides, lincosamides and streptogramin B antibiotics) phenotype was made on TBAB containing erythromycin (1 Ixg/ml) and lincomycin (25 p.g/ml). Other additions to TBAB plates were chloramphenicol (CAM; 10 [ag/ml for chromosome-encoded resistance, 30 ~tg/ml for plasmid-encoded resistance) and ampicillin (25 ktg/ml). Strains were stored in 5 ~ glucose at -20 °C (B. subtilis) or in 1 dram vials with 2 ml of LB overlay agar at room temperature (Escherichia coli).
DNA isolation. Chromosomal DNA was isolated essentially as described in Yasbin et al. (1975) , modified by resuspending the cell pellet in 0.05 of the starting volume in STET buffer (5 ~ sucrose, 8 ~ Triton X-100, 50 mM-EDTA, 50 mM-Tris-HC1 pH 8.0) plus lysozyme (100 ~tg/ml final concentration) instead of Tris-EDTA. This improved the yields from E. coli cells. Plasmid DNA was isolated by the boiling method of Holmes & Quigley (1981) and purified from the cleared lysate by caesium chloride centrifugation. Bacteriophage D NA was isolated by the polyethylene glycol precipitation method of Yamamoto et al. (1970) and detailed in Fink et al. (1981) .
Restriction enzyme analysis. Restriction enzyme analysis was performed using commercially available restriction enzymes purchased from New England Biolabs, Bethesda Research Laboratories (BRL), International Biotechnologies Incorporated (IBI) or others. Generally, the buffers used were either those recommended by the manufacturer or the optimized buffer system described by Fuchs & Blakesley (1983) . Gel electrophoresis beds were purchased from BRL (model H4) and IBI (model HMS). Overnight electrophoresis was carried out at 1-25 V/cm in 0.75~ (w/v) agarose (FMC) unless otherwise specified. Electrophoresis was carried out in TAE buffer (0.04 M-Tris-HC1, 2 mM-EDTA, pH 8.0).
Southern transfer. DNA was denatured in situ with 1.5 M-NaCI and 0.5 M-NaOH for 30 min at room temperature, and then neutralized by soaking the gel for 30 min in 1 M-Tris-HC1 pH 8.0 and 1.5 M-NaC1. Transfer to nitrocellulose was accomplished overnight as described in Maniatis et at. (1982) ; 20 x SSC was used to transfer the DNA (20 x SSC is 175 g/l NaC1, 88 g/1 sodium citrate final pH 7.0). Filters were baked at 75 °C for 2 h in a vacuum oven.
Hybridization and washing conditions. Nick-translated probes were prepared as described in Maniatis et al. (1982) . Prehybridization was done in I0 × Denhardt's solution plus sonicated salmon sperm DNA (10 p.g/ml final concentration; Sigma) for 6 h at 65 °C. Hybridization was performed by adding a single-strand probe to the prehybridization bag and incubating the filter overnight at 65 °C. Washing consisted of transferring the hybridized filter to a Pyrex dish, and agitating for 30 min (per wash) at room temperature, twice with 2 x SSC and 0.1 ~ SDS and then twice with 0.2 x SSC and 0.1 ~ SDS. The filters were air-dried and then exposed to X-ray film (type AR-5, Kodak) using Cronex intensifying screens (DuPont) at -70 °C.
Bacterial transformations. Bacterial DNA transformation has been described for B. subtilis (Yasbin et al., 1975 ) and E. coli (Hanahan, 1983) . The E. coli transformation procedure was modified as follows: cells were grown to 35 Klett units in 2 x YT (Maniatis et al., 1982) instead of SOB; TFB (Hanahan, 1983) was used as the salts solution; KC1 replaced RbC1; the second salt wash and the dithiothreitol steps were omitted. The cells were resuspended from the 2 x YT directly into 0.05 volume of ice-cold TFB.
Adsorption efficiency. Adsorption efficiency of phage to bacterial cells was calculated according to Estrela et al. (1986) . A bacterial strain was grown in 4 ml of LB to late mid-logarithmic growth (generally between 75 and 100 Klett units), washed twice in 4 ml LB plus CAM (100 ktg/ml) and resuspended in 4 ml LBC (LB with 10 p.g/ml CAM). The cell suspension was adjusted to an optical density of 0.7 (660 nm, Bausch & Lomb Spectrophotometer, model 20) with LBC. Approximately 2500 plaque-forming particles in 0-1 ml were then added to 0.9 ml of the cell suspension in a 1.5 ml Eppendorf tube. After 10 min incubation at 37 °C with aeration, the cells were pelleted in an Eppendorf Microfuge for 2 min, and the phage remaining in 0.1 ml of the supernatant were assayed on an appropriate indicator lawn of bacteria on plates containing 10 lag/ml of chloramphenicol. Bacillus subtilis strain CU4344 (derived from strain CU1050; Zahler et al., 1977) was used for assaying phages SPfl and SPR. Bacillus subtilis strain CU4345 (derived from strain CU3431 ; Zahler et al., 1987b) was used to assay phage H2.
The use of antibiotic markers in the indicator lawns deserves explanation. The indicator strains contained the plasmid pSVI01, encoding a CAM acetyltransferase gene from the plasmid pC194 (Horinouchi & Weisblum, 1982) . This was used to prevent the bacteria being tested for adsorption from over-growing the indicator lawn Youngman et al. (1985) * All bacterial strains listed in this table are derivatives of B. subtilis strain 168 unless noted. 1309 (Yasbin et al., 1976) . Plating efficiency of the phages was tested on the indicator lawns on media with and without added CAM and no significant difference was observed (data not shown).
Production of phages carrying antibiotic resistance markers. We have already described derivatives of SPfl and H2 that carry the Streptococcusfaecalis transposon Tn917 (Zahler et al., , 1987b . Tn917 confers resistance to the MLS group of antibiotics. A derivative of phage SPR carrying Tn917 was produced by the method of Zahler et at. (1987b) .
Derivatives of SPfl and SPR that conferred resistance to CAM were produced by transforming lysogens of the Tn917-carrying phages with DNA of plasmid pTV21A2 (Youngman et al., 1985) . This procedure replaces the After 48 to 72 h incubation at 37 °C, the presence of a spot made up of bacterial colonies arising on an MLS or CAM plate was indicative of a positive reaction for the ability of phage to convert the bacterial strain. In some cases single colonies arose within the area of the spot. These strains were recorded as weakly positive and may have resulted from transposition of Tn917 from infecting phage particles to the bacterial chromosome. Spancake et al. (1987) have shown by Southern blot analysis that the DNA of phages SPfl, $3T, Rhol 1 and Z are highly homologous. In order to extend this analysis and to determine the relatedness of phage H2 to other members of group III, we compared the homology of phage H2, SPR, $3T and SPfl DNAs using phage H2 and SPfl DNAs as probes.
RESULTS

Group 111 bacteriophage homology
To determine the degree of homology among these phages in a semi-quantitative way, the concentrations of DNA on the filter and the amount of DNA used as probe were important considerations. DNA from each of the four phages (SP/~, SPR, H2 and ~b3T) was digested with the endonuclease PstI and differing amounts of the DNAs (2, 1, 0.5 and 0-1 Ixg) were subjected to electrophoresis. The probe in each blot consisted of 15 ~tg of 32p-labelled DNA to ensure that the hybridizations were done with the probe in excess.
The results of this experiment are shown in Fig. 1 . In Fig. 1 (a) , where the probe was SP]~ DNA, it can be seen that SP/~ DNA hybridized quite strongly to phages SPR, 03T and itself. Spancake et al. (1987) have shown that phages SP/~ and $3T have homology throughout their genomes, with some exceptions such as the thyP3 gene of phage O3T, which does not hybridize to SP/J DNA. SP/J DNA also hybridized weakly to phage H2 DNA. With the titration of the DNA on the filter we could determine that both phages O3T and SPR hybridized at roughly onehalf, and phage H2 at about one-tenth, the efficiency of phage SP/~ DNA hybridizing to itself (compare lanes 13 to 16 with lanes I to 4 shown in Fig. la) .
These results are in agreement with those obtained when phage H2 DNA was used to probe a similar filter (Fig. 1 b) . As shown, H2 DNA hybridized strongly to itself, but only weakly to the three other group III phages tested.
These results do not distinguish between weak homology between phage DNA and an entire fragment, and strong homology (which one might expected for conserved sequences) between the phage DNA and a small region within a specific fragment. The data show, however, that H2 is homologous to other group III phages over a considerable fraction of its genome, but that it is only distantly related to them.
Homology of SP~, SPR and H2 DNA with chromosomal DNA isolated from other
Bacillus species We were interested in learning how widespread group III prophages are in other bacilli, and used a mixture of phage SP/J, SPR and H2 DNAs as a probe in Southern blot preparations of EcoRI-cut Bacillus chromosomal DNAs. These results are summarized in Tables 2 and 3. As shown in the tables, DNA sequences showing at least partial homology to group II prophages are widely distributed in nature. Amongst the strains of B. subtilis examined, homology to group III was, of course, found in strains R (CU3065) and 168 (CU120), lysogenic for SPR and SP/~ respectively. Strain CU1065, a cured derivative of strain 168 not known to contain any group III phage, showed no homology to the phages under the conditions used. Surprisingly, strain W23 (CU463), a closely related strain of B. subtilis, does not contain detectable group III homology. P. Fink (personal communication) has shown that strain W23 contains an empty prophage attachment site for SP/~.
Among the seven B. amyloliquefaciens strains that we examined, strong group III homology was detected in strains K, H and T (Table 3) . Less homology was detected in strains N, F, I and P, although here too multiple bands of DNA hybridized with the mixed probe. The DNA homology detected in strains K, H and T appears to have an EcoRI restriction pattern identical to that of H2 prophage DNA. Strains N, F and I contain a second type of restriction pattern distinct from H2, but similar or identical to each other. Strain P contains a third pattern, distinct from the others.
We found homology between the mixed phage DNA probe and EcoRI-digested chromosomal DNA from B. natto (Table 2 ). This homology was almost as strong as that seen with SPlJ lysogens; multiple bands were detected that were not identical to those found in lysogens of the three test phages. Chromosomal DNA from B. globigii and B. thuringiensis vat. israelensis gave a single weak band of hybridization with the mixed phage probe; the other bacteria we tested showed no homology (Table 2) . Stroynowski (1981) searched for homology to O3T DNA in other Bacillus species. She was able to find group III homology in several other species, but failed to detect the prophage H2 homology in B. amyloliquefaciens strain H. This is understandable in the light of the evidence presented here showing the weak homology that exists between these two phages.
Because of the weak homology that may exist for widely divergent members of the group III 3, 7, 11, 15 contain 0-5 ~tg DNA; 2, 6, 10, 14 contain 1 p.g DNA; and 1, 5, 9, 13 contain 2 ~g DNA. After overnight electrophoresis the DNA was transferred to a nitrocellulose filter paper and hybridized with 15 ~g of nick-translated phage DNA and washed as described in Methods. Probe in (a) was SPfl and in (b) was H2. The exposure shown was for 3 h.
phages, we stress that the results presented are valid only for the conditions used. T h a t is, although positive results for the presence of a m e m b e r of a group III phage (in B. natto, for example) probably indicate real group III homology, the absence of homology for any particular strain may represent weak homology which was not detected under the conditions specified in Methods. Defective group III prophages might be detected by our methods, but we have not (-) indicate that no colonies appeared after 48 to 72 h incubation at 37 °C. Positive results (+) indicate a solid spot of bacterial growth appearing where the lysate was spotted onto the plate. Very weak positive results (+) indicate 1 to 10 individual colonies within a spot were observed during any one of three tests; some tests were negative.
Adsorption efficiencies were determined as described in Methods. Experimental tubes contained 0.9 ml bacterial culture and 0.1 ml phage (about 2500 p.f.u./ml final concentration); the control tube had 0-9 ml of medium and 0.1 ml of phage. After 10 min of incubation at 37 °C with aeration, the adsorbed phage were removed by centrifuging the cells for 10 min in a microfuge (12000 g) and the supernatant was assayed for unadsorbed p.f.u. Reported values were calculated by 100 -(p.f.u./ml remaining the experimental tube)/(p.f.u./ml in control tube). Results are an average of at least two determinations. Strains with an adsorption efficiency of less than 20 may be considered phage-resistant (Estrela et al., 1986) . § Strains N, K, F, T, I and P were tested and gave identical results.
II ~, Not tested. These strains were naturally resistant to the level of antibiotic used in this test. ¶ Values in parentheses are from Estrala et al. (1986) and are included for purposes of comparison. ** B. subtilis strain IGCg114 was positive for conversion by SP]~, with a ring of either Mls r or Cam r convertants and many individual colonies within the spot. However, the spot was never as solid as with phage H2 or SPR spotted on IGCg114. tested to learn whether, for example, the homologous DNA we found in B. natto corresponds to an inducible prophage.
Host ranges of group III phages
We studied the abilities of phages SPfl, SPR and H2 carrying antibiotic resistance markers to convert various hosts to Mls r or to Cam r. The results are given in Table 2 . In B. subtilis the three phages were able to convert strains R (CU3065, lysogenic for SPR), a phage SPfl lysogen, [strain 168 (CU120)], a non-lysogenic derivative of strain 168 (CU1065) and strain IGCgll4 (CU4339), reported to be resistant to phages SPfl, ~b3T and Rhol 1, but not to SPR (Estrela et al., 1986) . Although SPfl was able to convert I GCg 114 at an appreciable frequency, only phages H2 and SPR could form plaques efficiently on it (data not shown). The adsorption to strain IGCg114 by phage SPfl may occur at a secondary attachment site to which the phage adsorbs poorly. None of the phages tested could convert B. subtilis strain W23, which has a cell wall composition different from that of the strains isogenic with B. subtilis strain 168 (Chin et al., 1966; Glaser et al., 1966) .
Only phage H2 could convert the seven B. amyloliquefaciens strains that were tested to Mls r and Cam r. This difference may be useful in typing and identifying new strains of this species. Several other species of Bacillus were tested for the ability to be converted by the three phages (Table 2 ), but only one showed a strong positive result: a B. pumilis strain that was successfully converted to Mls r or Cam r by all three phages.
Some species gave weakly positive results, which may indicate failure of the phage to adsorb efficiently to the host, lack of expression of the transposon-encoded antibiotic resistance phenotype in the host, or a barrier, such a restriction enzyme(s) or some other host factor, that prevents phage DNA survival or integration in the host. Adsorption was tested directly. The second possibility was tested when possible by testing resistance to both MLS and CAM. The results agreed in all cases in which both could be tested, but many strains were naturally resistant to CAM (see Table 2 ). The third possibility for the failure of conversion, restriction enzymes, may be responsible for cases where there was efficient adsorption and little or no conversion by the infecting phages.
Adsorption efficiency
The processes of successful conversion or plaque formation begin with the adsorption of the phage to the host cell. We have examined three group III phages to determine their ability to adsorb to different strains of B. subtilis, B. amyloliquefaciens, and other members of the genus Bacillus. Phages SPfl, SPR and H2 were chosen on the basis of the experimental results of Estrela et al. (1986) , who have shown that eight of the group III phages (H2 was not included in their work) could be subdivided into two subgroups. Subgroup 1 includes, SPfl, 4~3T, Rhol 1, IG1, IG2, IG4 and Z; subgroup 2 includes only SPR. Based on the differential converting ability of H2, we propose that it be included in a third subgroup. The results of this adsorption study are presented in Table 2 .
In general, bacteria with high adsorption efficiencies could be converted by the phage. However, there were some exceptions, notably B. niger, which was not converted by any of the phages, yet adsorbed phages H2 and SPR efficiently. One possible explanation is that B. niger encodes a restriction activity towards which the phages' DNA is sensitive. A similar relationship appears to exist between B. natto and phage SPR. Another possibility, which was not tested, is that these bacteria may excrete proteases or other molecules that inactivate the phages.
DISCUSSION
In this report we have characterized phage H2 with respect to group III phages. A comparison of DNA from four group III phages demonstrates that phage H2 is another member, yet it is only distantly related to the other members we have examined, as shown by Southern blot comparisons of whole genomes.
The abilities of H2, SPfl and SPR to convert bacteria to Mlsr or Cam r and to adsorb to different bacilli were examined. The results show that it can be misleading to look only for converting ability when investigating phage-host interactions because some bacilli cannot be converted although they adsorb the phages. The inability to be converted may be due to some sort of restriction system. This can best be determined by testing cell extracts for nuclease activity on isolated phage DNA. Estrela et al. (1986) have previously shown that the group III phages could be subdivided into two subgroups based upon adsorption and plating efficiencies on phage-resistant B. subtilis strain IGCg114. Phage SPR can form plaques on IGCg114 and forms one subgroup: all of the other group III phages examined could not form plaques on IGCg114 and were in the other subgroup. We have shown that this division can be expanded to include a third subgroup containing only H2, which can form plaques on IGCg114 and, in addition, can uniquely convert the seven strains of B. amyloliquefaciens that we tested. Because of the different conversion and adsorption efficiencies of phages SPfl and H2, they must be recognizing different adsorption sites on the bacterial cell surface. In agreement with this K. Mangan & C. Thomas in this laboratory (unpublished results) have shown that antiserum against SPB does not inactivate H2, and antiserum against H2 does not inactivate SPfl.
The group III phages have evolved several distinct means of overcoming host defences: (i) alteration of the phage adsorption proteins to permit recognition of different adsorption sites, presumably giving them the advantage of a wider host range, (ii) differential methylation of the phage DNA (G/inthert & Trautner, 1984 : Noyer-Weidner et al., 1985 Gfinthert et al., 1986; Weiner, 1986; Gfinthert & Reiners, 1987) allowing them to overcome host restriction enzyme barriers, and (iii) a rarity of specific restriction target sites (for example AvalI sites in H2 and SPfl ; Fink et al., 1981 ; Zahler et al., 1987b) for enzymes that may be produced by prospective hosts.
The group III phages present an interesting model for the study of protein evolution. From the data presented, DNA homologous to group III phage DNAs can be found in several different Bacillus species. Induction of these phages and isolation of their DNA will give a highly amplified source of material for the study of homologous regions. (For such studies it is not necessary to have a sensitive host for the phage.) Some studies have already been reported for the psm DNA modification genes of the group III phages (G/inthert & Trautner, 1984; NoyerWeidner et al., 1985 ; Giinthert et al., 1986; Weiner, 1986; Gfinthert & Reiners, 1987; Behrens et al., 1987 ).
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